All relevant data are within the paper.

Introduction {#sec001}
============

Polymyxins were discovered late in 1947, but their toxicity has limited their use. Recently, polymyxins have been reintroduced to clinical practice due to the prevalence of infections caused by gram-negative bacteria such as multidrug-resistant *Pseudomonas aeruginosa*, *Acinetobacter baumannii* and *Klebsiella pneumoniae* \[[@pone.0161057.ref001], [@pone.0161057.ref002], [@pone.0161057.ref003]\]. However, systemic polymyxin therapy is associated with a high incidence of acute kidney injury (AKI). Nephrotoxicity is the major dose-limiting factor restricting its use in clinical practice, occurring in up to 60% of all patients treated with polymyxins \[[@pone.0161057.ref004], [@pone.0161057.ref005], [@pone.0161057.ref006]\].

Most of the drugs that cause nephrotoxicity exert their toxic effects via one or more of the following mechanisms: renal hypoperfusion, tubular cell toxicity, inflammation and oxidative stress \[[@pone.0161057.ref007]\]. The elucidation of the mechanisms of action, the concentration-dependent capacity to kill bacterial, and the dose-limiting adverse effects of polymyxins would contribute to the management of their use in patients.

Polymyxins are cyclic lipopeptide antibiotics, but only polymyxins B and E (colistin) are available for clinical use. The potent direct nephrotoxic effects of polymyxins include mechanisms that kill bacteria via interactions with lipid A, disrupting the Ca^2+^ and Mg^2+^ bridges, which destabilizes the lipopolysaccharide molecules in the bacterial membrane. \[[@pone.0161057.ref003], [@pone.0161057.ref008]\]. Therefore, the nephrotoxicity of polymyxins appears to be due to effects on D-amino content and fatty acid components that increase membrane permeability and the influx of cations \[[@pone.0161057.ref009]\].

The results of our study appear to confirm previous data showing the mitochondrial accumulation of polymyxin B \[[@pone.0161057.ref010]\], resulting in mitochondrial dysfunction in LLC-PK1 cells, a model of porcine tubular cells, via free radical production. These findings were also corroborated by our animal model results.

Materials and Methods {#sec002}
=====================

Chemicals and Reagents {#sec003}
----------------------

The following cells and chemicals were purchased from the indicated suppliers: immortalized LLC-PK1 cells~,~ ATCC-American Type Culture Collection, USA; polymyxin B, Bedford Laboratories, USA; fetal bovine serum, Gibco, USA; Dulbecco's Modified Eagle's Medium (DMEM), Sigma, USA; acridine orange/ethidium bromide, Sigma, USA; HOE 33342 \[bisbenzimide (2\'-\[4-ethoxyphenyl\]-5-\[4-methyl-1-piperazinyl\]-2,5\'-bi-1H-benzimidazole) trihydrochloride\] dye, Sigma, USA; xylenol orange \[o-cresolsulfonphthalein-3′,3″-bis(methylimino) diacetic acid\], Sigma, USA; DTPA (diethylenetriamine-N,N,N*′*,N*″*,N*″-*pentaacetate), Sigma, USA; DTNB \[5,5′-dithiobis(2-nitrobenzoic acid)\], Sigma, USA; and naphthylethylenediamine, Sigma, USA.

In vivo studies {#sec004}
---------------

The in vivo studies were approved by the Ethics Committee for the Use of Experimental Animals, University of Sao Paulo (CEEA--protocol n. 038/08) and were performed in accordance with international standards for the manipulation and care of laboratory animals. Adult male Wistar rats were housed in a room at a controlled temperature (25°C/77°F) on alternating light/dark cycles and had free access to water and rat chow (Nuvilab CR-1, Nuvital, Brazil).

### Animal grouping {#sec005}

Male Wistar rats weighing 286 ± 12 g were provided by the University of Sao Paulo---School of Medicine animal facility. A total of 15 rats were divided into two groups: (i) Saline control group (n = 7): rats received 3 mL/kg 0.9% NaCl intraperitoneally (i.p.) once a day for 5 days; (ii) Polymyxin B group (n = 8): rats received 4 mg/kg/day polymyxin B i.p. once a day for 5 days \[[@pone.0161057.ref011],[@pone.0161057.ref012]\].

### Procedures and timing {#sec006}

Metabolic cages were used for the collection of urine samples. On the fifth day, immediately after the last injection, rats were placed in metabolic cages for a 24-hour measurement of urinary volume and the collection of urine samples.

### Mean arterial pressure and renal blood flow measurements {#sec007}

Following the 24-hour period in the metabolic cage, animals were anesthetized with 50 mg/kg body weight (BW) of sodium thiopental and a polyethylene tube (PE-50) was inserted into the right carotid artery to monitor mean arterial pressure (MAP) and heart rate (HR) using an electronic transducer connected to a data acquisition program (TSD104A, BIOPAC Systems Inc., USA). Then, a ventral midline incision was made, exposing the left renal pedicle. The renal artery was then isolated, and a suitable probe was placed around the exposed artery to measure renal blood flow (RBF) \[[@pone.0161057.ref013]\].

### Collection of blood samples {#sec008}

Blood samples were collected by puncturing the abdominal aorta. Animals were euthanized at the end of the experiment according to the guidelines for animal experimentation \[[@pone.0161057.ref014]\].

### Tissue sample collection/preparation {#sec009}

The left kidney was prepared for electron microscopic examination and histological analysis.

### Renal function {#sec010}

Serum and creatinine concentrations in the urine were measured using the Jaffe method, and creatinine clearance was calculated based on the following formula: creatinine clearance = \[urine creatinine concentration (mg/dL) × 24-hour urinary volume (mL/min)\] / serum creatinine concentration (mg/dL). The calculated creatinine clearance rate (mL/min) was normalized to the weight of the rat \[[@pone.0161057.ref015]\].

### Renal hemodynamics {#sec011}

RBF measurements were made using an ultrasonic flowmeter (T402, Transonic Systems Inc., USA). Renal vascular resistance (RVR) was calculated based on the standard formula: RVR = MAP / RBF \[[@pone.0161057.ref013]\].

### Oxidative stress {#sec012}

\(i\) Urinary peroxides were determined based on version 2 of the ferrous oxidation of xylenol orange (FOX-2) method. Xylenol orange shows a high selectivity for Fe^3+^, producing a bluish purple complex (A = 4.3 × 10^4^ M^-1^ cm^-1^). The values were corrected for urinary creatinine content (in grams) and are expressed as nmol/g creatinine \[[@pone.0161057.ref016]\]. (ii) Non-protein soluble thiols in renal tissue were assessed in tissue homogenized in 1 mL of a solution containing 10 mM sodium acetate, 0.5% Tween 20 and 100 μM DTPA (pH 6.5). One aliquot was reserved for the immediate measurement of total protein content, and the second aliquot was precipitated with 20% trichloroacetic acid (1:1) to measure total thiol content. Deproteinized samples were homogenized in 100 μl of a solution containing 100 mM Tris buffer (pH 8.0). After 10 min at room temperature, the quantity of thiols was determined based on the mean absorbance at 412 nm (A = 13.6 x 10^3^ M^-1^ cm^-1^). The amount of soluble thiols was corrected for the total protein content and is expressed as nmol/mg total protein \[[@pone.0161057.ref017]\]. (iii) Catalase activity was measured following the homogenization of renal tissue in phosphate-buffered saline (PBS). One aliquot was used for the measurement of total protein content. The other aliquot was mixed with 1 M Tris-HCl, 50 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM H~2~O~2~, and its absorbance was read in a spectrophotometer at 240 nm for 2 min at room temperature. The results are reported as the decrease in nmol of H~2~O~2~ per min/mg total protein \[[@pone.0161057.ref018]\]. (iv) Lipid peroxidation levels of malondialdehyde were determined by measuring thiobarbituric acid-reactive substances (TBARS). For peroxidation quantification, 0.4 mL of a urine sample mixed with 0.6 mL water was added to a reaction mixture consisting of 1.0 mL 17.5% trichloroacetic acid (TCA) and 1.0 mL 0.6% thiobarbituric acid. This mixture was heated in a water bath at 95°C for 20 min, and the solution was removed from the water bath, cooled on ice, and mixed with 1.0 mL 70% TCA. The solution was then homogenized and incubated for 20 min. Finally, the solution was read in a spectrophotometer at 535 nm (A = 1.56 × 10^5^ M^-1^ cm^-1^. The values are expressed as nmol/g creatinine \[[@pone.0161057.ref019]\].

### Electron microscopy examination {#sec013}

Animals were perfusion-fixed through the renal artery with 100 mL PBS and a buffered 2% formaldehyde/2.5% glutaraldehyde solution. Slices of the left kidneys were removed and placed in the same fixative at room temperature for 30 minutes. They were then kept cool until processing. Briefly, samples were washed with 0.1 M sodium cacodylate buffer (pH 7.2), post-fixed in 2% osmium tetroxide, dehydrated in ethanol, cleared with propylene oxide, and infiltrated with a mixture of propylene oxide/EPON resin in increasing concentrations. The samples were embedded in pure EPON resin for polymerization at 60°C for 48 hours. After curing, the blocks were trimmed to obtain semi-thin slices for the identification of glomeruli under a light microscope. Then, blocks were trimmed again to obtain ultrathin sections, which were deposited on fenestrated metal gratings for a final staining with uranyl acetate and lead citrate. Samples were analyzed using a 1200 EXII transmission electron microscope (JEOL, Japan) coupled to a Gatan Orius digital camera system (USA). \[[@pone.0161057.ref020]\]

Western blot detection and quantification of cytochrome c protein in mitochondrial and cytosolic fractions {#sec014}
----------------------------------------------------------------------------------------------------------

Kidney cortices were cut (100 mg) and homogenized in the medium (5 mL/g of tissue) containing Sucrose 300 mM, EDTA 0.5 mM, 20mM Tris-HCl (pH 7.4), supplemented with a protease inhibitor cocktail (Roche Applied Science, Germany). After homogenization, cytosolic and mitochondrial fractions were separated by differential centrifugation (5 min at 1000xg, 10 min at 9000xg). Supernatant was centrifuged for 60 min at 100000xg and the resulting supernatant was used for immunoblotting. Total cytosolic and mitochondrial protein was measured by bicinchoninicc acid protein assay (Thermo Fisher Scientific, USA) \[[@pone.0161057.ref021]\].

### Histological analysis {#sec015}

Slices of the left kidney were immersed in Bouin's solution for 4 h. Subsequently, renal tissues were placed in a series of baths of 70% alcohol for the elimination of picric acid, dehydrated and embedded in paraffin. The paraffin sections of perfused/fixed kidneys were stained with hematoxylin and eosin for histological analysis via light microscopy. Tubulointerstitial damage was defined as tubular necrosis, the presence of an inflammatory cell infiltrate, tubular lumen dilatation or tubular atrophy \[[@pone.0161057.ref022]\].

In vitro studies {#sec016}
----------------

A pig proximal tubular epithelial cell line (immortalized LLC-PK1 cells) obtained from ATCC were used from passage seven. Cells were maintained in culture flasks containing DMEM supplemented with 5% fetal bovine serum. Cells were grown to semiconfluence at 37°C in a humidified atmosphere containing 5% carbon dioxide. LLC-PK1 cells cultivated on multiwell plates (12 wells) were divided into the following groups: Control (n = 8), cells exposed to 12.5 μM polymyxin B (n = 8), cells exposed to 75 μM polymyxin B (n = 8) and cells exposed to 375 μM polymyxin B (n = 8).

### Viability and apoptosis of LLC-PK1 cells in the presence of polymyxin B {#sec017}

\(i\) Cell viability was assessed using the acridine orange/ethidium bromide method. After the experimental treatment, DMEM culture media were collected and the cells were washed with Dulbecco's PBS. After washing, the cells were trypsinized and centrifuged at 1200 rpm for 4 min. The cell precipitate was homogenized, and 10 μL of this suspension was mixed with 0.3 μL of a solution containing the dyes acridine orange and ethidium bromide (100 mg/L) at a ratio of 1:1 (v/v). Ethidium bromide passes through intact membranes, binding to cellular DNA and staining cells green, indicating viable cells. Acridine orange stains RNA but does not pass through intact membrane, so orange-red fluorescence indicates inviable cells. Cells were counted under a fluorescence microscope, and the results are reported as the percentage of viable cells at 24 and 72 hours. (ii) The evaluation of apoptosis was performed using the Hoechst 33342 staining method. LLC-PK1 cell suspensions were centrifuged, resuspended in PBS and incubated with 10 μL Hoechst 33342 (1.0 mM) solution for 5--15 min for chromatin staining \[[@pone.0161057.ref021]\]. Cells were observed under a light microscope. Blue cells with uncondensed chromatin were considered to be non-apoptotic, and cells with condensed chromatin were considered to be apoptotic. At least 100 cells per culture flask were counted, and the results are reported as the percentage of necrotic or apoptotic cells at 24 and 72 hours \[[@pone.0161057.ref023]\].

### Mediators of membrane damage in LLC-PK1 cells in the presence of polymyxin B {#sec018}

\(i\) The release of the intracellular enzyme lactate dehydrogenase (LDH) was measured. Cells were scrapped from culturing flasks in PBS to obtain cell homogenates. Sodium pyruvate (1%), NADH (0.2 mM), Tris-HCl (0.1 M) and EDTA (0.5 mM) were added to the samples. Enzymatic activity was calculated by measuring the absorbance of the samples at 340 nm. (ii) Nitric oxide (NO) levels in the cell culture media were determined via the Griess method. Briefly, a solution of 1% sulfanilamide in 5% H~3~PO~4~ containing 0.1% naphthylethylenediamine was added to aliquots of media, and absorbance was measured at 546 nm. Nitrite, a stable metabolite of NO, was then quantified using a standard curve based on NaNO~2~ (sodium nitrite). The protein content of the culture media was assessed based on an albumin standard curve \[[@pone.0161057.ref024]\].

### Assay of mitochondrial function in LLC-PK1 cells in the presence of polymyxin B {#sec019}

Fluorescent polymyxin B was used to assess mitochondrial function. Polymyxin B (43.2 μMoles, FW 1,301) was added to 22.8 reactive moles of Lissamine rhodamine B sulfonyl chloride (FW 577) at a conjugation efficiency of 33% and in a 2:1 stoichiometric ratio. This ratio was used to minimize the occurrence of double conjugates of polymyxin B while retaining a greater fluorescence/mg of compound. The incubation in the media lasted 6 hours, followed by fixation in 4% paraformaldehyde. Immunolocalization was performed using Cy-5, a secondary antibody. After preparing the fluorescent polymyxin B, assays routinely used for fixation and immunolocalization were performed with Lissamine rhodamine-polymyxin B (LRhod-polymyxin B) at a dose of approximately 700 mg/L for 6 hours and with an anti-polymyxin B-monoclonal IgM at a working concentration of approximately 20 mg/L. Cells were also incubated with Oregon Green 514 polymyxin B. LLC-PK1 cells were grown on 35-mm coverslip-bottomed dishes to approximately 40% confluency. After 2 days, solutions of 12.5 μM (n = 4), 75 μM (n = 4) and 375 μM (n = 4) polymyxin B were added to the media. Additionally, LLC-PK1 cells were exposed to 75 μM LRhod-polymyxin B (n = 4) at 4, 8 and 24 hours. The mitochondrial dye used was rhodamine 123 (Rhod 123) at a concentration of 0.1 mg/L. Staining was carried out just prior to imaging each individual dish. Staining involved a 10 min incubation with Rhod 123, followed by two brief washes with PBS (37°C), after which K-P media (37°C) was added. Images were acquired in the confocal mode with simultaneous excitation using a Bio-Rad (Hercules, USA) MRC-1024 combination 2-photon Kr/Ar laser scanning confocal microscope with *trans*-illumination capability on a Nikon Diaphot inverted microscope platform using either a -100 oil immersion objective with a numeric aperture (NA) of 1.4 or a -60 water immersion objective with an NA of 1.2. To avoid the possibility of spectral overlap in the co-localization studies, the emission signals from Texas red and FITC were excited and acquired sequentially using the Kr/Ar laser in single-photon mode. All of the experimental protocols were repeated a total of three times to replicate the findings. The images from the co-localization studies were processed and overlaid using the image processing software Metamorph version 4.0 (Universal Imaging, West Chester, PA). Lateral or *X*-*Z* projections were generated from fields where through-focus optical sections were taken \[[@pone.0161057.ref025], [@pone.0161057.ref026]\].

Statistical analysis {#sec020}
--------------------

All quantitative data are expressed as the mean ± SEM. One-factor analyses of variance (ANOVAs) along with confidence intervals around the means and pairwise comparisons were used to analyze the data. Overlapping confidence intervals indicate no significant difference between treatments, which were subsequently confirmed via Kruskal-Wallis tests. Average intensity measurements from the mitochondrial membrane potential experiment were analyzed using Student's *t*-test. All statistical analyses were performed with GraphPad Prism (version 3.0). Statistical significance was assumed at values of p\<0.05.

Results {#sec021}
=======

Renal function {#sec022}
--------------

Animals exposed to 4 mg/kg/day of polymyxin B for 5 days exhibited no changes in urinary output, but a significant elevation in serum creatinine compared with that of the Saline group (p\<0.05) was observed. Thus, creatinine clearance was decreased in the Polymyxin B group (p\<0.05, [Table 1](#pone.0161057.t001){ref-type="table"}).

10.1371/journal.pone.0161057.t001

###### Overall renal function (mean ± SD) of animals preconditioned with polymyxin B.

![](pone.0161057.t001){#pone.0161057.t001g}

  Groups           Urinary Output (mL/min)   Urinary Cr (mg/dL)   Serum Cr (mg/dL)                                  CrCl/100 g (mL/min)
  ---------------- ------------------------- -------------------- ------------------------------------------------- -------------------------------------------------
  Saline (n = 7)   0.0058±0.0022             76.2±24.0            0.22±0.06                                         0.70±0.08
  PMB (n = 8)      0.0096±0.0091             65.9±32.6            0.52±0.06[^a^](#t001fn002){ref-type="table-fn"}   0.30±0.33[^a^](#t001fn002){ref-type="table-fn"}

Cr, creatinine; Cl, clearance; PMB, polymyxin B.

^a^p\<0.05 versus the Saline group.

Renal hemodynamics {#sec023}
------------------

Rats in the Polymyxin B group presented a decrease in renal blood flow, while their RVR was increased. All these changes were statistically significant, as shown in [Table 2](#pone.0161057.t002){ref-type="table"}.

10.1371/journal.pone.0161057.t002

###### Overall renal hemodynamics (mean ± SD) in animals preconditioned with polymyxin B.

![](pone.0161057.t002){#pone.0161057.t002g}

  Groups           Heart Rate (bpm)   Blood Pressure (mmHg)   Renal Blood Flow (mL/min)                       Renal Vascular Resistance (mmHg/mL/min)
  ---------------- ------------------ ----------------------- ----------------------------------------------- -------------------------------------------------
  Saline (n = 7)   517±77             100.8±14.6              7.6±1.4                                         13.6±3.8
  PMB (n = 8)      545±61             108.8±11.7              2.3±0.4[^a^](#t002fn001){ref-type="table-fn"}   47.3±11.0[^a^](#t002fn001){ref-type="table-fn"}

^a^p\<0.05 versus the Saline group.

Oxidative stress {#sec024}
----------------

The effects of polymyxin B treatment on oxidative stress are summarized in [Table 3](#pone.0161057.t003){ref-type="table"}. The Polymyxin B group presented higher levels of oxidative metabolites, urinary peroxides (p\<0.05) and TBARS (p\<0.05) when compared with the levels in the Saline group. Additionally, catalase activity (p\<0.05) and the level of thiols (p\<0.05) decreased due to oxidation, which reduced the total antioxidant capacity.

10.1371/journal.pone.0161057.t003

###### Indicators of oxidative stress in animals preconditioned with polymyxin B.

![](pone.0161057.t003){#pone.0161057.t003g}

  Groups           Urinary Peroxides (nmol/g Cr)                     Urinary TBARS (nmol/g Cr)                         Thiols (nmol/mg protein)                          Catalase Activity (nmol/H~2~O~2~ min/mg protein)
  ---------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- --------------------------------------------------
  Saline (n = 7)   5.2±1.4                                           38.1±8.9                                          28.9±6.1                                          5.4±0.9
  PMB (n = 8)      39.1±7.1 [^a^](#t003fn002){ref-type="table-fn"}   54.0±12.1[^a^](#t003fn002){ref-type="table-fn"}   15.7±1.3 [^a^](#t003fn002){ref-type="table-fn"}   1.1±0.3 [^a^](#t003fn002){ref-type="table-fn"}

Cr, creatinine; TBARS, thiobarbituric acid-reactive substances; PMB, polymyxin B.

^a^p\<0.05 versus the Saline group.

Transmission electron microscope (TEM) results {#sec025}
----------------------------------------------

Electron microscopy revealed specific ultrastructural changes in renal tubular epithelial cells and glomeruli in response to the experimental treatments. Normal tubular epithelial cells, glomeruli cells and their organelles are illustrated in [Fig 1A](#pone.0161057.g001){ref-type="fig"}. After exposing rats to polymyxin B, extensive vacuolization, organelle disruption and swollen and disorganized mitochondria were found in tubular epithelial cells ([Fig 1B](#pone.0161057.g001){ref-type="fig"}). Additionally, massive podocyte lesions were observed in the glomeruli.

![TEM photomicrographs of 2-μm thick kidney sections.\
A kidney from the Saline group (A) and a kidney from the Polymyxin B group (B). The Polymyxin B group show autophagic vacuoles and mitochondria damage. Images were acquired at 5,000--10,000x magnification.](pone.0161057.g001){#pone.0161057.g001}

Western blot detection and quantification of cytochrome c protein in mitochondrial and cytosolic fractions results {#sec026}
------------------------------------------------------------------------------------------------------------------

Cytochrome c expressions in mitochondrial and cytosolic fractions of kidney cortices were compared. The intensity of the cytochrome c band in the mitochondrial pellet was higher than in cytosolic fraction in the Saline group. Inversely, the animals treated with polymyxin B showed that the cytochrome c band was more intense in the cytosolic fraction than in the mitochondrial pellet of kidney cortices ([Fig 2](#pone.0161057.g002){ref-type="fig"}).

![Western blot detection and quantification of cytochrome c protein in mitochondrial and cytosolic fractions of the Saline group and the Polymyxin B group.](pone.0161057.g002){#pone.0161057.g002}

Renal histology {#sec027}
---------------

Animals treated with polymyxin B showed the presence of tubulointerstitial injury characterized by edema and diffuse inflammatory infiltration of the interstitium, a flattening of tubular cells accompanied by tubular dilatation, focal areas of a denuded basement membrane and tubular necrosis in the renal cortex ([Fig 3B](#pone.0161057.g003){ref-type="fig"}).

![Histological images.\
Renal tissue from the Saline and Polymyxin B treatment groups. Saline group (A) and Polymyxin B group (B).](pone.0161057.g003){#pone.0161057.g003}

Viability and apoptosis in LLC-PK1 cells {#sec028}
----------------------------------------

LLC-PK1 cells exposed to polymyxin B at concentrations of 12.5, 75 and 375 μM showed a significant decrease in viability (p\<0.001, [Fig 4](#pone.0161057.g004){ref-type="fig"}). Toxicity increased when cells were exposed to antibiotics for longer periods of time, as demonstrated by the significant difference between the effects at 24 and 72 hours. The reduced percentage of viable cells in response to 375 μM polymyxin B after 72 hours (41±2%) relative to the effects of other treatments confirms the concentration- and time-dependent toxicity of polymyxin B.

![Mean (±SD) viability of LLC-PK1 cells exposed to different concentrations of polymyxin B after 24 and 72 hours (n = 8 in each group).\
^\#^significantly different from the control group; \*significantly different from groups after 24 and 72 hours (p\<0.001).](pone.0161057.g004){#pone.0161057.g004}

As shown in [Fig 5](#pone.0161057.g005){ref-type="fig"}, increased polymyxin B concentrations increased the population of apoptotic cells after 24 and 72 hours (p\<0.001). Multiple comparisons of the number of apoptotic cells between the groups revealed significant differences after 24 and 72 hours (p\<0.001). These findings demonstrate a concentration- and time-dependent toxic effect on cells after the administration of polymyxin B. Accordingly, a larger number of apoptotic cells was observed following treatment with 375 μM polymyxin B after 72 hours (36.1±3.8%) that were observed under the other conditions.

![Mean (±SD) level of apoptosis in LLC-PK1 cells exposed to different concentrations of polymyxin B after 24 and 72 hours (n = 8 in each group).\
\*significant difference relative to the control group and after 24 and 72 hours (p\<0.001).](pone.0161057.g005){#pone.0161057.g005}

LDH and nitric oxide levels {#sec029}
---------------------------

[Table 4](#pone.0161057.t004){ref-type="table"} shows that LLC-PK1 cells exposed to 375 μM polymyxin B had increased LDH levels at 24 and 72 hours (p\<0.01). The significantly higher levels of this cellular membrane damage mediator at 72 hours than at 24 hours indicate a time-dependent cytotoxicity of polymyxin B. However, nitrite concentrations were increased only at 72 hours.

10.1371/journal.pone.0161057.t004

###### Membrane damage mediator levels in LLC-PK1 cells exposed to 375 μM polymyxin B concentration.

![](pone.0161057.t004){#pone.0161057.t004g}

            LDH (%)                                          NO (μM/mg protein)                                                                                 
  --------- ------------------------------------------------ -------------------------------------------------------------------------------------- ----------- ---------------------------------------------------------------------------------------
  Control   2.2±0.1                                          1.8±0.2                                                                                0.18±0.05   0.63±0.10
  PMB       13.8±1.9[^a^](#t004fn002){ref-type="table-fn"}   22.7±1.8[^b^](#t004fn003){ref-type="table-fn"}[^c^](#t004fn004){ref-type="table-fn"}   0.22±0.04   1.47±0.35[^b^](#t004fn003){ref-type="table-fn"}[^c^](#t004fn004){ref-type="table-fn"}

LDH, lactate dehydrogenase; NO, nitric oxide; PMB, polymyxin B.

^a^p\<0.001 versus the control group at 24 hours

^b^p\<0.001 versus the control group at 72 hours and

^c^p\<0.01 versus the PMB group at 24 hours.

The polymyxin B immunolocalization in LLC-PK1 cells using Lissamine rhodamine-polymyxin B {#sec030}
-----------------------------------------------------------------------------------------

Polymyxin B localization in LLC-PK1 cells is shown in [Fig 6](#pone.0161057.g006){ref-type="fig"}. The autofluorescence signal in the green range represents LLC-PK1 cells exposed to LRhod-polymyxin B ([Fig 6A](#pone.0161057.g006){ref-type="fig"}). LRhod-polymyxin B and anti-polymyxin B antibodies show different staining patterns, including a punctate-vesicular pattern, diffuse cytosolic staining with a greatly reduced nucleolar staining, and possibly mitochondrial localization, in LLC-PK1 cells after 6 hours of incubation ([Fig 6B](#pone.0161057.g006){ref-type="fig"}).

![Structural images of LLC-PK1 cells.\
Polymyxin B localization in LLC-PK1 cells cultivated with 700 mg/L LRhod-polymyxin B after 6 hours of incubation (A) and immunolocalization with 20 mg/L anti-polymyxin B-monoclonal IgM (B).](pone.0161057.g006){#pone.0161057.g006}

LLC-PK1 cells present a diffuse pattern of green fluorescence ([Fig 7A](#pone.0161057.g007){ref-type="fig"}). In contrast, LLC-PK1 cells exposed to 75 μM LRhod-polymyxin B show a decreased fluorescence intensity in the mitochondria at 4, 8 and 24 hours ([Fig 7B, 7C and 7D](#pone.0161057.g007){ref-type="fig"}). Rhod 123 is a dye that accumulates in the mitochondria based on membrane potential \[[@pone.0161057.ref025]\].

![Images of LLC-PK1 cells incubated with Lissamine rhodamine-polymyxin B (LRhod-polymyxin B).\
Control cells incubated in physiological media (A), cells exposed to 75 μM LRhod-polymyxin B for 4 hours (B), cells exposed to 75 μM LRhod-PMB for 8 hours (C), and cells exposed to 75 μM LRhod-polymyxin B for 24 hours (D).](pone.0161057.g007){#pone.0161057.g007}

Discussion {#sec031}
==========

Polymyxin B and colistin (polymyxin E) are nephrotoxic and can promote renal injury. These polymyxin antimicrobials have a very narrow therapeutic window due to the necessary balance between their antibacterial activity and nephrotoxicity \[[@pone.0161057.ref003], [@pone.0161057.ref027]\]. Our toxicity data suggest that polymyxin B can induce AKI by interfering with total renal function, redox status, cellular integrity and. mitochondrial membrane. These results, which present a panoramic view encompassing organ and cellular damage, exemplify the paradigm of translational science for toxic kidney diseases.

We demonstrated that the administration of polymyxin B in rats increases serum creatinine levels and decreases creatinine clearance. Abrupt declines in glomerular filtration rate and increases in serum creatinine levels have been confirmed in polymyxin B-induced AKI in humans and rats \[[@pone.0161057.ref008], [@pone.0161057.ref012], [@pone.0161057.ref028], [@pone.0161057.ref029]\]. Additionally, alterations to renal hemodynamics following polymyxin B administration act as a key regulator of microvasculature function leading to vasoconstriction. In our study, high RVR was associated with vasoconstriction, which is a critical component of the acute toxic effect of polymyxin B on the kidneys, leading to reduced intrarenal perfusion and intracapillary hydraulic pressure, thereby, decreasing the glomerular filtration rate. Thus, these changes to renal hemodynamics can sensitize the proximal tubule cells, resulting in endothelial dysfunction associated with increases in oxidative metabolites and decreases in antioxidant enzymes (catalase and glutathione peroxidase) in the kidney.

Oxidative stress has been shown to play a crucial role in the nephrotoxicity caused by polymyxins \[[@pone.0161057.ref030], [@pone.0161057.ref031], [@pone.0161057.ref032]\]. Our data show that the administration of 4 mg/kg/day of polymyxin B in rats results in elevated ROS generation, as demonstrated by increases in urinary peroxides and TBARS, and in a decrease in antioxidant capacity, as demonstrated by reduced thiol levels and catalase activity in renal tissue.

The kidneys metabolize and excrete several xenobiotics, and a high renal blood flow increases drug delivery, which results in high concentrations of toxins in the renal medulla and interstitium \[[@pone.0161057.ref033]\]. Renal toxicity occurs due to the extensive cellular uptake of potential toxins and drugs by both apical and basolateral transport systems. These toxins or drugs induce destabilization in intracellular membranes and alterations in membrane permeability, which leads to pathological ROS generation inside or outside the cell \[[@pone.0161057.ref033], [@pone.0161057.ref034]\]. High levels of ROS, or oxidants, (for example: hydrogen peroxides, hydroxyl radicals and hypochlorous acid) interfere with signaling cascades and result in harmful effects on various biological molecules and structures, which can cause oxidative injury via nucleic acid oxidation, protein damage and lipid peroxidation \[[@pone.0161057.ref033], [@pone.0161057.ref034], [@pone.0161057.ref035]\]. Concomitantly, excessive amounts of ROS decrease the activities of antioxidant enzymes that regulate the redox status of the cell, inducing cell death \[[@pone.0161057.ref033], [@pone.0161057.ref035], [@pone.0161057.ref036]\]. Several authors have shown that the administration of free radical scavengers, or antioxidants, such as ascorbic acid, n-acetylcysteine, and melatonin, has beneficial effects against polymyxin-induced nephrotoxicity via the amelioration of oxidative injury \[[@pone.0161057.ref030], [@pone.0161057.ref031], [@pone.0161057.ref032]\].

This study analyzed data on redox imbalances in the presence of polymyxin B to evaluate the role of mitochondria in nephrotoxic injuries once its dynamics have been profoundly altered. Mitochondrial fragmentation may relate to the excess generation of ROS, which increases the susceptibility to stimuli that initiate the entry of proapoptotic proteins. Mitochondria have been reported to serve as a link between apoptosis and autophagy, with increasing levels of stress resulting in increased caspase activating, apoptosis and, finally, necrotic cell death. We observed alterations to morphological characteristics of cellular ultrastructure, such as extensive vacuolization, organelle disruption and swollen and disorganized mitochondria, in tubular epithelial cells. In addition, the glomeruli cells in treated animals displayed massive podocyte lesions \[[@pone.0161057.ref037], [@pone.0161057.ref038]\].

Mitochondrial membrane injury releases cytochrome c in the cytosol. Cytosolic cytochrome c is associated with processing of apoptosis and cell lysis during necrosis and cell injury \[[@pone.0161057.ref039], [@pone.0161057.ref040]\]. We showed elevation of cytosolic cytochrome c in polymyxin B treated group, which confirms that the cell damage is due to mitochondrial dysfunction. Cystosolic cytochrome c activates caspase-dependent apoptosis and the apoptosis-inducing factor that initiates the caspase independent pathway of apoptosis by causing DNA fragmentation and chromatin condensation \[[@pone.0161057.ref039]\].

Histological studies of kidney tissues from patients with toxic AKI have been shown to have interstitial edema and tubular degenerative changes, with luminal ectasia, a loss of brush borders, cytoplasmic simplification and vacuolization, nuclear enlargement and pleomorphism, cellular necrosis, and the presence of apoptotic figures \[[@pone.0161057.ref032], [@pone.0161057.ref041]\]. In our study, we observed edema and inflammatory infiltration in the interstitium, a flattening of tubular cells accompanied by tubular dilatation, denuded basement membranes, and tubular necrosis in the renal cortex of kidney tissues of rats treated with polymyxin B. Yun and colleagues demonstrated that kidney tissues with polymyxin B-induced nephrotoxicity present tubular dilatation and degeneration in the cortex. In addition, polymyxin B in the kidney tissues of mice was observed to be distributed in the renal cortex and, specifically, in the renal LLC-PK1 cells used as a model for proximal tubular cells \[[@pone.0161057.ref042]\].

Polymyxin B-induced nephrotoxicity has been demonstrated to involve cellular uptake at the apical membrane in LLC-PK1 cells \[[@pone.0161057.ref043]\]. Renal tubular cells are vulnerable to injury due to nephrotoxicity once polymyxin B achieves a high affinity to renal tissue, which results in its potential for nephrotoxicity \[[@pone.0161057.ref006], [@pone.0161057.ref029], [@pone.0161057.ref044]\]. LLC-PK1 cells show similarities with human proximal tubule cells, including their membrane transport activities, membrane enzymes and microvilli \[[@pone.0161057.ref045]\]. In addition, polymyxin B uptake into LLC-PK1 cells occurs via endocytosis at the apical membrane \[[@pone.0161057.ref043]\]. As a result of this uptake, polymyxin B accumulates within renal tubular cells, leading to several forms of cellular injury or death \[[@pone.0161057.ref033], [@pone.0161057.ref043]\].

Apoptosis occurs as a defense mechanism in a variety of disease states or in the presence of toxic drugs \[[@pone.0161057.ref040], [@pone.0161057.ref046]\]. Our results show that the presence of escalating concentrations of polymyxin B (12.5, 75 and 375 μM) in LLC-PK1 cells results in decreased cell viability and a greater number of apoptotic cells over time, demonstrating the concentration- and time-dependent cytotoxicity of polymyxin B. This concentration- and time-dependent nephrotoxicity has been previously described in animals and humans based on damage to tubular epithelial cells \[[@pone.0161057.ref001], [@pone.0161057.ref029], [@pone.0161057.ref047]\]. Nephrotoxicity has also been associated with higher cumulative doses during systemic polymyxin B or colistin therapy in clinical practice \[[@pone.0161057.ref005], [@pone.0161057.ref028], [@pone.0161057.ref048]\]. In vitro and in vivo studies have described similar results for the concentration- and time-dependent nephrotoxicity induced by polymyxin B \[[@pone.0161057.ref006], [@pone.0161057.ref029], [@pone.0161057.ref047]\].

In this study, we demonstrated an increase in the levels membrane damage mediators, as shown by increased LDH levels and the generation of signaling NO species in LLC-PK1 cells exposed to 375 μM polymyxin B. The plasma membrane is an important site of damage in AKI, and once the membrane is damaged, increased levels of NO can act in synergy to unbalance the redox status of the cell. Reactive species such as NO cross cellular membranes, promote oxidative changes and interfere with several signaling cascades, resulting in harmful effects on biological molecules and structures \[[@pone.0161057.ref035], [@pone.0161057.ref049]\].

Under physiological conditions, nitric oxide synthase (NOS) produces a significant amount of NO involved in the regulation of mitochondrial respiration and other cellular regulatory functions. NO, particularly that induced by inducible NOS, can cause oxidative cellular injury when produced in large amounts. This NO can inhibit the electron transport chain (ECT) and can increase the formation of superoxides (strong oxidants) \[[@pone.0161057.ref049]\]. Additionally, superoxides and NO participate in secondary reactions to generate more reactive species, which can induce mitochondrial dysfunction, resulting in decreased ATP formation, cell death and organ failure \[[@pone.0161057.ref035]\]. In addition to these effects, the excessive or aberrant generation of ROS and the presence of micromolar concentrations of NO also affect inner mitochondrial membranes, which permits the movement of proapoptotic proteins such as caspases and Bcl-2 family members through the membrane \[[@pone.0161057.ref050]\]. The increase in proteolytic activity caused by caspases induces an irreversible process in cells undergoing apoptosis, which involves chromatin condensation, DNA fragmentation, protein degradation and the formation of apoptotic bodies that are phagocytosed by macrophages or adjacent normal cells \[[@pone.0161057.ref040], [@pone.0161057.ref046]\].

The treatment of LLC-PK1 cells with polymyxin B demonstrated different staining patterns, such as punctate-vesicular, diffuse cytosolic staining but with a greatly reduced nucleolar staining, and possible mitochondrial localization, in these cells following 6 hours of incubation with 700 mg/L LRhod-polymyxin B and an anti-polymyxin B antibody and with 75 μM LRhod-polymyxin B and Rhod-123 for 4, 8 and 24 hours, as illustrated by decreases in fluorescence intensity. Rhod-123 is a dye that is taken up into tubular cells and is localized in the mitochondria, followed by its accumulation in active mitochondria \[[@pone.0161057.ref050]\], and our results suggest that LLC-PK1 cells exposed to polymyxin B have altered mitochondria function caused by changes in mitochondrial membrane polarization. Mitochondria in the kidney have a several intracellular functions. This organelle used 85--90% of the oxygen in the cells to generate energy in the form of ATP and to produce small amounts of ROS that provide a delicate balance between the generation of ROS and the function of the antioxidant system to control the cellular redox status and to promote the modulation of cell death pathways \[[@pone.0161057.ref034]\]. Recent studies have reported that mitochondrial dysfunction plays an important role in the mechanism of drug-induced AKI \[[@pone.0161057.ref010], [@pone.0161057.ref051]\]. Azad et al have demonstrated that polymyxin B induces mitochondrial morphological fragmentation and the loss of the mitochondrial membrane potential, which resulted in concentration- and time-dependent mitochondrial dysfunction in rat kidney proximal tubular cells (NRK-52E) \[[@pone.0161057.ref010]\]. A concentration- and time-dependent toxicity in LLC-PK1 cells induced by polymyxin B was also observed in our study.

Despite the insights presented here, further studies on the interaction between the nephrotoxic effects of polymyxin B on the metabolic functions of the kidney and its effects on cellular structural integrity must be conducted.

Our results show decreased glomerular filtration rate and tubulointerstitial injury, along with mitochondrial dysfunction, which modifies the redox status in LLC-PK1 cells. Large increases in the production of signaling species (NO, hydrogen peroxides) and ROS result in cell death via apoptosis and are associated with the concentration- and time-dependent cytotoxicity of polymyxin B.

In conclusion, polymyxin B accumulates to a high degree in the kidneys, corroborating previous results. Our data highlight the links between the toxic effects of polymyxin B as part of a new understanding of translational science as it applies to renal diseases.
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